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(57) ABSTRACT 

In a multicast network, a method is employed for selecting 
a low cost multicast conference tree subject to an end-to-end 
delay constraint for transmissions between any two nodes in 
the tree that terminate conference participants. The method 
employs a constrained minimum cost Steiner tree selection 
technique that integrates facilities costs and a delay con 
straint into a single objective function to be minimized as the 
tree is incrementally con?gured. The method also incorpo 
rates a unique path delay metric (delta diameter) that indi 
cates the effect on end-to-end delay resulting from the 
incremental addition of a next node to the Steiner tree. 

13 Claims, 8 Drawing Sheets 

216 219 

TREE COSTI4, MAX DELAY=13 218 



U.S. Patent Apr. 6, 2004 Sheet 1 of 8 US 6,717,921 B1 

— 216 219 

TREE COST=4, MAX DELAY=13 218 



U.S. Patent Apr. 6, 2004 Sheet 2 0f 8 

FIG.3A 
BUILDING CLOSE-TO-OPTIMAL 

MULIICAST TREE 

SELECT TERMINATION 
NODE AS TREE NODE 

US 6,717,921 B1 

INITIALIZE CURRENT TREE 
—LABEL ALL TREE NODES AS TREE NODES 

PERMANENT NODES EP 
—LABEL ALL OTHER NO 

NON-PERMANENT WITH HIGH PENALTY (INFINITY) 

wITII ZERO PENALIIY (O) 
S AS NON-TREE, 

AND AS 
w 304 

318 
I 

306 AT LEAST ONE TERMINATION N0 
NOOE NOT A TREE NODE? 

308 
8 

TREE COMPLETE 

YES 

UPDATE 
TREE wgDEoR ALL ,310 ESm 

IDENTIFY MINNODE AND 
ALL NODES ON PATH 
BETWEE MINNODE AND 
CURRENT TREE AS TREE 

NODES 

SELECT MINIMUM 
PENALTY NODE 

'gMlNNODEg AMONC ALL 
T LABELED P 

—LABEL MINNODE AS P 
ODES N 

[312 

I 

TERMINATION NODE? 

I 

316 
8 

IIROATE (m) FOR 
m = MINNODE 

YES 



U.S. Patent Apr. 6, 2004 

r3100 BEGIN UPDATE (m) 

SELECT A NODE m 
NOT YET UPDATED 

Sheet 3 0f 8 US 6,717,921 B1 

FIG.3B 
UPDATE (m) 

IDENTIFY ALL NON-PERMANENT 
NODES THAT ARE DIRECTLY 

ADJACENT TO NODE m 
(INTERCONNECTED BY A SINGLE ARC) 

@3100 

NODE m 

SELECT A DIRECTLY ADJACENT NODE 
NOT YET UPDATED WITH RESPECT TO 

I 

FOR NODE m AND PENALTY PARAMETE 
FOR INTERCONNECTING ARC 

COMPUTE PENALTY FOR THE DIRECTLY ADJACENT 
NODE AS FUNCTION OF PENALTY PARAMETERS 

3109 

310f COMPUTED PENALTY< YES 
CURRENT PENALTY LABEL ? 

S 
REPLACE CURRENT 
PENALTY LABEL WITH 
COMPUTED PENALTY 

'YES 
NO EACH NODE m 

UPDATED ? 310i 

'YES 
UPDATE 

COMPLETED “3101 

N0 

N0 EACH NODE DIRECTLY 2 
ADJACENT TO m UPDATED ? 31 Oh 







U.S. Patent Apr. 6, 2004 Sheet 6 0f 8 US 6,717,921 B1 

FIG.7C 

FIG.7D 
4 

n3024478 n/_ 01 DQ357711 2468135 2222Tu33 7777777 
FIG. 7E 

FIG. 7F 

6 1 252061 
_/ 4 

230249 
_/ 

20357u 
7 

722 
724 
726 
728 
737 





U.S. Patent Apr. 6, 2004 Sheet 8 of 8 US 6,717,921 B1 

FIG- ‘9 PICK TNLTTAL TDLL VALUE RANGE AND 
914 STARTTNG TDLL VALUES lN RANGE $902 
8 PLAGLNG GREATEsT EMPHASIS ON td 

EXPAND TDLL vALuE RANGE 904 
AND PICK NEw STARTING sELEGT MINIMUM GDsT / 
TDLL VALUES PLACING sTE|NER TREE 

GREATEsT EMPHASIS ON td , 9§18 

td YES DPTLNAL TREE 
APP§8XTEQUAL IS SELECTED 

906 ' 

NO 
912 AT TOLL 910 YES 

VALUE ‘) BOUNDARY ? td>T>/ 
NO 

DPDATE TDLL VALUES BY 
918% SPECIFIED ANDDNTTD 

INCREASE EMPHASIS ON td 916 

' S 
_ UPDATE ToLL VALUES BY SPECIFIED 

AMOUNT TO DECREASE EMPHASIS ON td 

—D—DELAY FIG. 10 



US 6,717,921 B1 
1 

METHOD FOR CONFIGURING A SHARED 
TREE FOR ROUTING TRAFFIC IN A 

MULTICAST CONFERENCE 

CROSS-REFERENCE TO RELATED 
APPLICATION 

Related subject matter is disclosed in the co-pending, 
commonly assigned, US. patent application of AggarWal et 
al., entitled “SYSTEM AND METHOD FOR MULTICAST 
CONFERENCING AND ONLINE DISCUSSION 
GROUPS”, Ser. No. 08/917,344, ?led on Aug. 26, 1997. 

FIELD OF THE INVENTION 

This invention relates to methods for routing multicast 
data communications. More speci?cally, it relates to a 
method for con?guring a close-to-optimal Steiner tree for 
routing data communications traffic associated With a mul 
ticast conference call subject to a predetermined end-to-end 
delay requirement. 

BACKGROUND OF THE INVENTION 

Multicasting presents a communications paradigm in 
Which communications initiated by a sending party are 
broadcast to a plurality of receiving parties. Internet Protocol 
(IP) multicasting applications, for example, represent a 
signi?cant segment for multicasting applications. Typical IP 
applications for multicasting include audio and video 
conferencing, streaming audio and video applications, and 
document and softWare distribution (see, e.g., Sanjoy Paul, 
Multicasting On The Internet And Its Applications, KluWer 
Academic Publishers, Boston, 1998, pp.9—10). Real time 
applications such as audio and video conferencing present 
stringent delay requirements for multicast packets transmit 
ted over IP netWorks. Typical sender-to-receiver latency, for 
example, may be required to be less than 100 milliseconds. 
Multicast netWork facilities costs consumed represent an 
additional concern for IP multicast netWork operators. 

In conventional multicast netWorks, trees are often 
employed to facilitate multicast routing (see, e.g., V. P. 
Kompella et al., “Multicast Routing for Multimedia 
Communication,” IEEE/ACM Transactions On Networking, 
Vol. 1, No. 3, June 1993, pp. 286—292). Such trees are 
de?ned by a plurality of routers (“nodes”) for transmitting 
multicast conference packets over a plurality of data trans 
mission links (“arcs”) that interconnect node pairs. Multicast 
conference participants (“senders” and “receivers”) are ter 
minated on at least a subset of the plurality of routers 
(“terminating nodes”). 

Multicast trees provide for efficient conference routing, as 
each packet that must be forWarded by a sender to a number 
of receivers need only be copied at each node that branches 
to at least tWo nodes or that serves at least tWo receivers. As 
a result, the sender’s node is most often required to produce 
a number of copies that is feWer in number than the number 
of receivers. This may be contrasted, for example, With 
unicast methods that require the sender to produce indi 
vidual packet copies for each intended receiver. 

Several methods have been used-to con?gure multicast 
trees in a manner that reduces facilities costs (see, e.g., 
Sanjoy Paul, op cit. at pg. 21). Such methods can be 
characteriZed as shortest path tree (SPT) methods, minimum 
cost tree (MCT) methods and constrained tree (CT) meth 
ods. 
SPT methods are used to produce a multicast tree such 

that the cost of facilities betWeen a selected sender and each 
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2 
identi?ed receiver is minimiZed. MCT methods focus on 
minimiZing total facilities costs for the multicast tree. CT 
methods focus on minimiZing overall facilities costs subject 
to additional constraints. 

A representative CT method used for multicast routing is 
the constrained Steiner tree method (see Kompella, op cit. at 
pp. 286—289). A minimum Steiner tree may be de?ned as a 
netWork tree Which is constructed such that the sum of a 
series of “penalties” (for example, such as netWork facilities 
costs) that can be associated With each arc in the tree are 
minimiZed. A constrained Steiner tree may be heuristically 
constructed as “close-to-optimal,” such that the tree 
approaches a theoretical minimum penalty subject to one or 
more constraints. For example, a typical constraint may 
require that the expected delay on each path betWeen a 
sender and a receiver does not exceed a predetermined 
maximum. 

Kompella discloses a constrained Steiner tree method 
directed to produce a multicast tree supporting one sender 
and a plurality of receivers. HoWever, emerging conferenc 
ing applications in multicasting are requiring that each 
participant to be capable of acting either as a sender or a 
receiver. Therefore, it Would be advantageous to develop a 
constrained Steiner tree method that produces a close-to 
optimal Steiner tree for a multicast conference in Which any 
participant may function as either a sender or a receiver. 

SUMMARY OF THE INVENTION 

The art is advanced by a novel and non-obvious method 
directed to con?guring a close-to-optimal Steiner tree With 
loW facilities cost constrained by a desired maximum end 
to-end delay T betWeen each pair of participants. The 
method begins by initialiZing the tree With a node that 
terminates at least one of the participants. While one or more 
nodes that terminate participants have not been added to the 
tree, additional nodes are incrementally selected from 
among nodes not yet selected or added to the tree such that 
each selected node adds a least additional penalty over its 
identi?ed path to the current tree. When the selected node is 
a terminating node, the node is added to the tree along With 
any other selected nodes and arcs in its path to the tree. 

The method further incorporates a penalty function that 
addresses the maximum delay constraint by using a 
Lagrangian-like relaxation technique to combine both cost 
and delay into a single incremental penalty function. In order 
to approach the maximum end-to-end delay constraint T 
betWeen any pair of terminating nodes in the tree, a novel 
path delay metric (“delta diameter”) is introduced that 
provides a measure of impact on the maximum expected 
end-to-end delay '5 that Would result from the addition of 
each incrementally selected node to the tree. 

BRIEF DESCRIPTION OF THE DRAWING 

The invention Will be more fully understood from the 
folloWing detailed description taken in connection With the 
accompanying draWing, in Which: 

FIG. 1 shoWs a ?rst multicast netWork With associated 
costs and delays; 

FIG. 2 illustrates a minimum Steiner tree selected from 
the multicast netWork 100 of FIG. 1; 

FIGS. 3A and 3B depicts a method for con?guring a 
close-to-optimal Steiner tree in a multicast netWork such as 
the netWork 100 of FIG. 1; 

FIG. 4 shoWs a second multicast netWork With associated 
facilities costs and delays, including a second Steiner tree 
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selected to minimize end-to-end delay between any tWo 
nodes in the tree; 

FIG. 5A depicts a third Steiner tree With associated node 

diameters; 
FIG. 5B depicts a table for tracking tree diameter and 

node diameters for Steiner tree 520 of FIG. 5A; 

FIG. 6A depicts the Steiner tree of FIG. 5A With node 
diameters updated to re?ect the addition of a node 630; 

FIG. 6B depicts the table of FIG. 5B updated to re?ect the 
addition of the node 630; 

FIG. 7A depicts the Steiner tree of FIG. 5A With the 
addition of selected nodes 731, 733, 735 and 737; 

FIGS. 7B through 7D shoW a table incrementally updated 
to track node diameters, tree diameters and delta diameters 
for selected nodes 731, 733 and 735, respectively; 

FIG. 7E shoWs a table tracking node diameters, tree 
diameter and delta diameter for selected node 737; 

FIG. 7F shoWs a table of FIG. 7E updated to re?ect the 
addition of candidate node 737 as a tree node to Steiner tree 
720 of FIG. 7A; 

FIG. 8 depicts the labeling of nodes selected for possible 
addition to a Steiner tree 820 based on a revised modi?ed 

penalty function CRZV) i) ]- incorporating delta diameter; 
FIG. 9 depicts a search method for selecting toll factors 

for the revised modi?ed cost function C - introduced in Rev, 1', ] 
FIG. 8; and 

FIG. 10 shoWs facilities costs and delays as a function of 
toll factor, for Steiner trees selected in a simulated netWork. 

For consistency and ease of understanding, those ele 
ments of each ?gure that are similar or equivalent share 
identi?cation numbers that are identical in the tWo least 
signi?cant digit positions (for example, nodes 104 and 204 
in FIGS. 1 and 2, respectively). 

DETAILED DESCRIPTION 

Operating principles for the present invention Will be 
more fully understood according to the folloWing detailed 
description. 

FIG. 1 illustrates pertinent elements in a typical multicast 
netWork. Multicast netWork 100 comprises nodes 101, 102, 
103, 104, 105 and 106, as Well as arcs 112, 113, 123, 124, 
125, 134, 135, 145, 146 and 156. Associated With each of the 
arcs 112, 113, 123, 124, 125, 134, 135, 145, 146 and 156 are 
a facilities cost 115 and a path delay 117. Each facilities cost 
115 and path delay 117 relate to a portion of the multicast 
netWork de?ned by an associated arc and the tWo nodes 
interconnected by the arc. 

Facilities cost 115 provides a measure of the relative cost 
incurred in reserving the path de?ned by an associated arc 
and its interconnected node pair. For example, in FIG. 1, a 
cost 115 of 10 units is incurred by arc 113 and its intercon 
nected nodes 101 and 103. Similarly, path delay 117 pro 
vides a measure of delay incurred for traf?c along the 
de?ned path. For example, as shoWn in FIG. 1, the path 
de?ned by arc 135 and nodes 103 and 105 incurs a delay 117 
of 3 units. 

In a given multicast netWork, the sum of the facilities 
costs associated With each of the arcs in the multicast 
netWork is indicative of the overall facilities costs for the 
netWork. For example, by summing each of the facilities 
costs 115 associated With the arcs 112, 113, 123, 124, 125, 
134, 135, 145, 146 and 156 of the netWork 100 in FIG. 1, one 
determines an overall facilities cost for the netWork 100 of 
45 units. 
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4 
Network nodes 101, 104 and 105 are shaded to designate 

their status as “terminating nodes.” Terminating nodes pro 
vide sole points of interconnection for multicast netWork 
participants (in other Words, each participant is directly 
interconnected to at most one terminating node). As a result, 
for a multicast tree con?gured to support a multicast 
conference, the tree must include all terminating nodes 
associated With active multicast conference participants. 
One netWork structure supporting a multicast conference 

is the so-called Steiner tree. A Steiner tree con?gures arcs, 
terminating nodes and other non-terminating nodes so that 
only a single netWork path is available betWeen each pair of 
terminating nodes. In a so-called minimum Steiner tree, 
nodes and arcs are selected so that the sum of certain 

penalties (for example, such as facilities costs) associated 
With each selected node and arc minimiZed (see, e. g., Sanj oy 
Paul, op cit. at pg. 25). Any penalty function may be 
employed that can be de?ned With reference to each incre 
mentally selected node and arc and summed to indicate an 
overall penalty for the Steiner tree. 

FIG. 2 illustrates a minimum Steiner tree 220 con?gured 
in the netWork 200. Steiner tree 220 is de?ned by terminat 
ing nodes 201, 204, and 205, non-terminating node 202 and 
arcs 212, 224 and 225. An overall facilities cost 216 for the 
Steiner tree 220 is determined by summing cost labels 
associated With arcs 212, 224 and 225. As shoWn in FIG. 2, 
Steiner tree 220 has a facilities cost 216 of 4 units. This cost 
is less, for example, than the facilities cost associated With 
an alternate multicast tree de?ned by terminating nodes 201, 
204 and 205, non-terminating node 203 and arcs 213, 234 
and 235. For this alternate multicast tree, the facilities cost 
is 25 units. 

While the minimum cost Steiner tree 220 provides a 
desirable netWork structure for multicast conferencing, such 
trees can be very dif?cult to construct directly in netWorks 
of any signi?cant siZe (see, e.g., Frank K. HWang et al., The 
Steiner Tree Problem, North- Holland, 1992, p 151). As a 
result, a number of heuristic methods have been developed 
Which give approximate Steiner trees (typically referred to 
as a “close-to-optimal Steiner tree”). FIG. 3A depicts one 
such heuristic method, related to a method proposed by 
Maxemchuck (see Nicholas F. Maxemchuck, “Video Dis 
tribution on Multicast NetWorks,” IEEE Journal on Selected 
Areas in Communications, Vol. 15, No. 3, April 1997, pp. 
359—363). 

In the heuristic method illustrated by FIG. 3A, an initial 
terminating node is randomly selected at step 302 to begin 
the tree. At step 304, the tree is initialiZed by labeling the 
selected tree node and all other nodes. Such node labeling 
may be practically accomplished, for example, in a data ?le 
containing records associated With the individual netWork 
nodes. In the initialiZation step 304, the tree node is labeled 
as With a tree node label (T), a permanent node label (P), and 
a penalty value of 0 units (indicating that the selected node 
has been added to the tree). At the same time, all other 
netWork nodes are labeled as having arbitrarily high penalty 
values (conceptually, penalties of in?nite value), and have 
any pre-existing T or P labels removed. 
At step 306, it is determined Whether any terminating 

nodes remain to be added to the tree. While at least one 
terminating node has not yet been added to the tree, the 
process proceeds at step 310 to perform an “update” func 
tion With regard to all tree nodes. 

FIG. 3B illustrates the operation of the update function. 
The function begins at step 310a. At step 310b, a tree node 
m is selected for updating. At step 310C, each node that is 



US 6,717,921 B1 
5 

directly adjacent to the tree node m (in other Words, inter 
connected to m by a single arc) and that has not received a 
permanent label (P) is identi?ed. One of the identi?ed nodes 
is selected at step 310d, and a penalty value for the node is 
computed at step 3106 based on penalty parameters associ 
ated With the selected tree node and With the arc directly 
interconnecting the identi?ed node to the selected tree node. 
Typically, the penalty parameter values are assigned as 
labels for the tree node and the interconnecting arc. 

At step 310f, the computed penalty value is compared to 
the value of the current penalty label for the identi?ed node. 
If the computed value is less than the current value (at 
determined as step 310]‘), the current value is replaced by the 
computed value at step 310g. For example, for each iden 
ti?ed node that is currently initialiZed With in?nite penalty 
value, the current penalty value is replaced by the computed 
penalty value. As determined at step 310h, the process 
continues until a penalty has been computed and compared 
to the current value for each non-permanent (non-P) node 
directly adjacent to the selected tree node In 

As determined at step 310i, the update process continues 
until all directly adjacent nodes for each node m have been 
updated. The update process is completed at step 310j. 

Returning to FIG. 3A, once the update process at step 310 
has been completed, a non-P node is selected at step 312 
having the loWest penalty value among all non-P nodes. In 
the event that more than one node is labeled With the loWest 
value, one of these nodes is chosen randomly. The selected 
node (denoted “minnode”) is labeled as a P node. 
At step 314, it is determined Whether minnode is a 

terminating node. If it is not a terminating node, the update 
function previously described With respect to FIG. 3B is 
performed, With minnode as the only updated node In The 
process then resumes at step 312 to determine a loWest 
penalty value among all nodes not labeled With the value P. 

If it is determined at step 314 that minnode is a termi 
nating node, the process proceeds to identify minnode and 
any other nodes on the path interconnecting minnode to the 
current tree as neW tree nodes. The process then returns to 
step 304, and the tree is reinitialiZed such that the neW tree 
nodes receive T and P labels, as Well as penalty labels of 0 
units. All other non-tree (non-T) netWork nodes are labeled 
as having arbitrarily high penalty values (conceptually, 
penalties of in?nite value), and any pre-existing P labels 
associated With these nodes are removed. Note that any 
pre-existing T labels Were removed from all nodes at the ?rst 
initialiZation step 304. 
As determined at step 306, While at least one terminating 

node has not been added to the tree, the process proceeds at 
step 310. If all terminating nodes have been added as tree 
nodes, the process completes at step 308. 

The method of FIGS. 3A and 3B is heuristic, and Will 
produce a so-called close-to-optimal Steiner tree. Although 
bounds for this method have not yet been fully evaluated, 
our experience suggests, for example, that a close-to-optimal 
Steiner tree having facilities cost as a penalty function Will 
be Within a factor of 2 of the true Steiner tree optimum. 

Returning to FIG. 2, the Steiner tree 220 has been selected 
to minimiZe overall facilities costs. The selected tree may or 
may not meet other important performance constraints. For 
example, in FIG. 2, multicast conference participants desire 
a maximum delay T (218) betWeen any tWo conference 
participants that is no greater than 10 units. HoWever, the 
selected Steiner tree 220 exhibits a maximum expected 
delay '5 219 of 13 units (the sum of delay label values for arcs 
212 and 225 betWeen terminal nodes 201 and 205). 
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6 
Accordingly, since Steiner tree 220 fails to meet the desired 
delay constraint, an alternate selection method is required to 
produce a Steiner tree With loW penalty subject to the 
constraint (a so-called constrained Steiner tree). 
One important aspect of the invention directed to address 

the delay constraint and produce loW penalty is to transform 
the delay constraint into an additional element that can be 
incorporated in the penalty function. This approach borroWs 
from Lagrangian relaxation techniques used in the solution 
of linear programming problems (see, e.g., R. K. Ahuja et 
al., Network Flows: Theory, Algorithms, and Applications, 
Prentice Hall, 1993, pp. 598—638). 
By Way of analogy to Lagrangian relaxation, for example, 

a modi?ed penalty function CMOd’ i) ]- incorporates the delay 
constraint associated With the Steiner tree 200 of FIG. 2 as 
folloWs: 

Where: 
Cl-J- is the facilities cost associated With the path betWeen 

nodes i and j, 
Tl-J- is the delay associated With the path betWeen nodes i 

and j, and 
[1 is a “toll” factor used to adjust the relative importance 

of delay to the modi?ed cost function. 
A close-to-optimal Steiner tree selection method (such as 

the method described in FIGS. 3A and 3B) that further 
employs CMOd i) j- as the penalty function Would tend to 
produce a Steiner tree that reduces both the sum of the 
facilities costs and the sum of the path delays for the 
incrementally selected directly adjacent nodes. HoWever, 
such an approach might not be effective, as the sum of the 
incremental path delays may not directly correlate With a 
tree-level delay constraint such as maximum expected end 
to-end delay '5 betWeen any tWo terminating nodes in the 
Steiner tree. 

Consider the multicast netWork 400 illustrated in FIG. 4. 
In the netWork 400, Steiner tree 420 is selected to minimiZe 
maximum expected end-to-end delay betWeen any tWo of 
the tree nodes 401, 402, 404 and 405 interconnected by arcs 
412, 424 and 425. As selected, maximum end-to-end delay 
'5 is incurred on the path betWeen non-adjacent nodes 401 
and 405 (de?ned by node 402 and arcs 412 and 425). The 
maximum expected end-to-end delay '5 is 5 units (the sum of 
a delay of 2 units associated With arc 412 and a delay of 3 
units associated With arc 425). The sum of the path delays 
for Steiner tree 420 is 7 units (the sum of the delays 
associated With arcs 412 and 425, plus a delay of 2 units 
associated With arc 424). 
The sum of the path delays for directly adjacent paths in 

Steiner tree 420 can be reduced by replacing the directly 
adjacent path betWeen nodes 402 and 405 (de?ned by arc 
425) With a directly adjacent path betWeen nodes 404 and 
405 (de?ned by arc 445). The sum of path delays for this 
con?guration is 6 units (1 unit less than the sum of path 
delays for Steiner tree 420). HoWever, this same con?gura 
tion results in a maximum end-to-end delay '5 of 6 units 
(betWeen nodes 401 and 405, the sums of delays associated 
With arcs 412, 424 and 445), 1 unit more than the maximum 
end-to-end delay '5 of 5 units for Steiner tree 420. 

Thus, there is a need to revise the path delay component 
of CMOd) i) 1- so that it better re?ects the effect on maximum 
expected end-to-end delay '5 that results from incrementally 
adding each directly adjacent node to the Steiner tree. 

In order to meet this need, an important aspect of the 
present invention consists of a neW incremental path delay 
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metric. The neW metric, delta diameter (6i) 1-), tracks the 
change in maximum end-to end delay '5 that results from 
adding a directly adjacent node to a Steiner tree. Delta 
diameter 6i - may be determined as a function of node 
diameters and tree diameters, Which are in turn de?ned and 
determined as follows. 

In a given Steiner tree, node diameter ndi is de?ned to 
represent the maximum distance betWeen node i and any 
other node in the tree (here, “distance” is used to represent 
the value of a selected penalty parameter, such as delay). 
Node diameter may be determined as a function of distance 
labels associated With arcs interconnecting nodes in the tree 
(for example, cost labels 115 and delay labels 117 of FIG. 1). 

FIG. 5B illustrates hoW the node diameters ndi may be 
determined for Steiner tree 520 of FIG. 5A. Steiner tree 520 
comprises four nodes (522, 524, 526 and 528) and three arcs 
(523, 525 and 527). The arcs 523, 525 and 527 have distance 
labels of 3 units, 2 units and 4 units, respectively. 

In FIG. 5B, a distance table 521 has columns and roWs 
associated With each of the nodes 522, 524, 526 and 528 of 
Steiner tree 520. Each cell in the distance table 521 stores a 
value indicating the distance betWeen the tWo nodes iden 
ti?ed by the cell’s associated column and roW. For example, 
cell 532 contains the value 3, representing a distance of 3 
units betWeen directly adjacent nodes 522 and 524. Node 
522 and node 524 are respectively associated With the roW 
and column of table 521 that de?ne cell 532. 

Similarly, cell 534 contains the value 6, re?ecting a 
distance of 6 units betWeen nodes 526 and 528. Nodes 526 
and 528 are not directly adjacent in the Steiner tree 520 of 
FIG. 5A. Accordingly, the distance betWeen nodes 526 and 
528 (6 units) are determined by summing the distance label 
values for each directly adjacent node pair betWeen nodes 
526 and 528. In this case, summing the distance label value 
associated With directly adjacent nodes 524 and 526 (2 units) 
together With the distance label value associated With 
directly adjacent nodes 526 and 528 (4 units) produces the 
distance value of 6 units. 
Node diameter ndi for a given node i may be determined 

by ?nding the maximum cell distance value in the table roW 
associated With the node i. For example, for node 522, cell 
536 contains the maximum distance value of 7 units. Node 
diameters are determined for each node associated With a 
roW in table 521, and are stored in a corresponding cell in the 
node diameter column 538. 

Tree diameter tdS is de?ned as the maximum node diam 
eter for the tree. As, shoWn in table 521 of FIG. 5B, tree 
diameter tdS may accordingly be determined as the maxi 
mum of the cell values contained in node diameter column 
538. As indicated by cells 537 and 535 in column 538, tree 
diameter tdS for Steiner tree 520 of FIG. 5A is 7 units. 

FIG. 6A illustrates Steiner tree 620, Which is modi?ed 
from Steiner tree 520 of FIG. 5Aby the addition of node 630 
and arc 629. FIG. 6B depicts an associated distance table 
621, Which updates the distance table 521 of FIG. 5B to 
re?ect the addition of node 630 to Steiner tree 620. Distance 
table 621 updates distance table 521 by adding both an 
additional roW and an additional column to re?ect the 
addition of node 630, by computing the distance values for 
the additional roW and additional column, and by updating 
the node diameter column 638 as required With a neW 
maximum value for each roW in the distance table 621. 

Since node 630 interconnects to directly adjacent node 
628 via arc 629, distance values for the additional roW and 
additional column can be readily computed from distance 
values for node 628 according to the folloWing formula: 
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Where: 

Di) 1- is distance betWeen added node i and tree nodes j, 

Di) k is the distance betWeen added node i and directly 
adjacent tree node k, and 

DkJ- is the distance betWeen directly adjacent node k and 
all other tree nodes j. 

Applying equation (2) to the above example, node i is 
node 630, node k is node 628 and nodes j are each of nodes 
622, 624, and 626. Equation (2) can be repeatedly used to 
compute distance values, for example, as P nodes are 
incrementally selected over an associated tree path intercon 
nected to tree node k. Associated columns and roWs may be 
added to the table 621 of FIG. 6B to store distance values 
relating to the selected nodes. 

Once distance values With respect to the selected node 
630 are computed using equation (2) and are appropriately 
placed in an associated roW and an associated column of 
FIG. 6B, column 638 of FIG. 6B may be updated. Node 
diameters in column 638 are updated by determining the 
maximum cell value in each roW of table 621, among 
columns associated With nodes. For example, the node 
diameter value expressed in cell 644 for the roW associated 
With node 622 corresponds to a maximum cell value 
expressed in cell 642. Cell 642 is a member of the column 
associated With node 630, and therefore represents the 
distance betWeen nodes 622 and 630. This same distance is 
shoWn in cell 640 (associated by roW With node 630 and by 
column With node 622), and is expressed in cell 646 of the 
node diameter column. Tree diameter, determined as the 
maximum node diameter value (the maximum node diam 
eter value expressed in column 638), is therefore 8 units. 
Node diameters and tree diameters as calculated, for 

example, in tables 5B and 6B may be further used to 
calculate the end-to-end delay metric delta diameter 6i) j. An 
important element of the present invention, delta diameter 
functions to track the change in maximum expected end-to 
end delay '5 that results from adding a selected node to 
Steiner tree S. For a given Steiner tree S1 delta diameter may 
be determined as: 

Where: 

Di) 1- is distance betWeen selected node i and existing tree 
node j in Steiner tree S, 

ndj- is the node diameter for tree node j in existing Steiner 
tree S, and 

tdS is the tree diameter for existing Steiner tree S. 
The operation of equation (3) is illustrated by reference to 

Steiner tree 720 of FIG. 7A. FIG. 7A illustrates several P 
nodes (nodes 731, 733 and 735) that have been selected for 
possible inclusion in Steiner tree 720. Path 736 directly 
interconnects node 731 to tree node 726, and has an asso 
ciated distance label D731) 726 equal to 2 units. D731) 726 
represents the distance betWeen P node 731 and tree node 
726. Node diameter nd726 for tree node 726 is 6 units, and 
tree diameter tdS for Steiner tree 720 is 7 units. Applying 
equation (3), 6731) 726 is 1 unit. As shoWn in FIG. 7A, once 
calculated, the value of 6731) 726 is assigned as an additional 
label for arc 736. 

If, for example, candidate node 731 is added to the Steiner 
tree 720 as a terminating tree node, tdS (7 units) Will increase 
by the value of 6731) 726 (1 unit) to td‘i; (8 units) according 
to the folloWing equation. 
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Where: 
td‘i S is tree diameter of the Steiner tree S after node i has 

been added, 
tdS is-tree diameter of the Steiner tree S before node i has 

been added, and 
dis is delta diameter for node i added to Steiner tree S, 
)computed according to equation 

P nodes 733 and 735 of FIG. 7A are also selected for 
possible addition to Steiner tree 720. Node 733 intercon 
nects to node 731 via arc 739, and node 735 interconnects 
to node 733 via arc 741. Delta diameters associated With arcs 
739 and 741 may be calculated in a like manner to the 
previous delta diameter calculation for arc 736. For 
example, D733 726 represents the distance betWeen P node 
733 and tree node 726, and is calculated as the sum of the 
distance labels associated With arc 739 (D733) 731) and arc 
736 (D731 726) to be 5 units. As previously determined, nd726 
is 6 units and tdS is 7 units. Applying equation (3), 6733) 726 
is calculated to be 4 units, and is assigned as an additional 
label for arc 739. Similarly, 6735) 726 (associated With arc 
741) is be calculated as 5 units and assigned as a label for 
arc 741. 

FIGS. 7B, 7C and 7D illustrate incremental updating of a 
table that records node distances, node diameters, tree 
diameters and delta diameters associated With Steiner tree 
720. For example, FIG. 7B records information about tree 
nodes 722, 724, 726 and 728, and P node 731. In FIG. 7B, 
a roW and a column are included for each of these nodes. 
As in FIGS. 5B and 6B, each cell in FIGS. 7B through 7D 

that lies at the intersection of a nodal roW and nodal column 
contains a value representing the distance betWeen the 
associated tWo nodes. For example, cell 750 contains a 
distance label value of 2 units, Which represents the distance 
betWeen associated nodes 726 and 731 (D731) 72(J). As 
previously described, distance label values for each cell in 
the added roWs and columns associated With candidate 
nodes 731, 733 and 735 may be determined using equation 
(2). 

Columns are also included in each of the tables of FIGS. 
7B, 7C and 7D to record node diameters ndj- (for example, 
nd726 of 6 units shoWn in cells 752) and tree diameter tdS (7 
units, shoWn in cells 754). In addition, delta diameters 6i) 1 
(6731) 726, 6733) 726, and 6735) 726 respectively shoWn as cells 
756, 758 and 760) are recorded in associated delta diameter 
columns. 

Appropriate values for Di) 1-, nd]-, and tdS may be deter 
mined from the tables in FIGS. 7B, 7C and 7d and used in 
conjunction With equation (3) to determine 6”. For example, 
in the table of FIG. 7C for selected node 733, D733) 726 is 
captured in cell 762 as 5 units, nd726 is captured in cell 752 
as 6 units, and tdS is captured in cell 754 as 7 units. Using 
equation (3), 6733) 726 is determined to be 4 units, and 
recorded accordingly in cell 758. 

Similarly, in the table of FIG. 7D for selected node 735, 
D735) 726 is captured in cell 764 as 6 units, nd726 is captured 
in cell 752 as 6 units, and tdS is captured in cell 754 as 7 
units. Using equation (3), 6735) 726 is determined to be 5 
units, and recorded accordingly in cell 760. Note that 6i) 1- for 
the preceding P nodes may also be recorded in the table. For 
example, in FIG. 7D, in addition to the recording of 6735) 733 
in cell 760, 6731) 726 and 6733) 726 are respectfully recorded 
in cells 756 and 758. 

Importantly, and as illustrated by the example presented in 
FIGS. 7A through 7D in conjunction With equation (4), delta 
diameter provides a means for incrementally determining 
tree diameter once a terminating node is selected and added 
together With any intervening P nodes on an associated 
potential tree path to Steiner tree 720. Using this approach, 
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a logically separate table is constructed for each potential 
tree path of one or more P nodes interconnected to the tree. 

For example, if node 737 directly adjacent to tree node 
728 of FIG. 7A is selected as a P node, the table of FIG. 7E 
Would be created to record the selection of P node 737. As 
shoWn in the table of FIG. 7E, D737 728 is captured in cell 
770 as 5 units, nd728 is captured in cell 772 as 7 units, and 
tdS is captured in cell 774 as 7 units. Using equation (3), 
6737) 728 is determined to be 5 units, and recorded accord 
ingly in cell 776. Other nodes subsequently selected as P 
nodes and interconnected to tree node 728 via P node 737 
Would be represented by additional roW and column entries 
to the table of FIG. 7E. 

Consistent With step 304 of FIG. 3A, once a series of P 
nodes in an associated potential tree path that are captured 
in a single logical table are added to the tree, any other 
logical tables associated With other P node paths are dis 
carded. The tree node table is updated to include entries for 
the additional tree nodes, and serves as the “root” for 
creating subsequent P node tables. A tree node table incor 
porating the candidate node 737 of FIG. 7A is shoWn in FIG. 
7F. As shoWn in the table of FIG. 7F, neW tree diameter td‘S 
(cell 780) of 12 units can be computed as the maximum of 
the cell values in the node diameter column 778, or alter 
natively from the table of FIG. 7F using equation 

Incorporating delta diameter 6” as a penalty parameter, 
the modi?ed penalty function C M0 d) i) 1- expressed in equation 
(1) may be reformulated as revised modi?ed penalty func 
tion CREV) U, de?ned as: 

Ci) 1- is the facilities cost associated With the path betWeen 
interconnected nodes i and j, and 

11 and p are “toll” factors used to adjust the relative 
importance of delay to CRZV) i) 1-. 

A second toll factor 11 is added to CRZV) ,- j- in equation (5) 
in order to provide an increased ability to emphasiZe either 
facilities cost or delta diameter in the equation. The extent to 
Which end-to-end delay is emphasiZed by CREV) i) 1- Will 
depend on values selected for toll factors 11 and p. 
Speci?cally, as 11 decreases and/or p increases, CREV) i) 1 
places increased emphasis on delta diameter, and thereby on 
end-to-end delay. 

FIG. 8 illustrates hoW revised minimum penalty function 
CRZV) i) 1- may be used in the context of the method described 
in FIGS. 3A and 3B. In FIG. 8, Steiner tree 820 includes tree 
nodes 822, 824 and 828 and arcs 823, 825 and 827. 
Consistent With equation (5), CRZV) i) j- for Steiner tree 820 is 
shoWn in equation 890 as having toll factors 11 and M 
respectively equal to 1 and 3. 

All penalty parameters for node 826 are set to 0 in step 
304 of FIG. 3A (as shoWn in box 892 of labels associated 
With node 826). Cost and delay parameters for arc 836 are 
knoWn and non-changing. 

Consistent With steps 310 and 312 of the method illus 
trated in FIGS. 3A and 3B, node 831 is selected and labeled 
as a P node. Consistent With step 3106 of FIG. 3B, the 
penalty CRZV) 831) 826 associated With P node 831 is deter 
mined based on penalty parameters associated With inter 
connecting tree node 826 and interconnecting arc 836. Delta 
diameter 6831) 826 for arc 836 is calculated using equation (3) 
to be 1 unit. Using equation (5), CRZV) 831) 826 is calculated 
to be 4 units (as shoWn in box 894 indicating labels 
associated With node 831). 

In a second iteration of steps 310 and 312, node 833 is 
selected and labeled as an additional P node. Delta diameter 
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6833) 826 is calculated using equation (3) by computing delay 
distance D831) 826 as the sum of delays associated With arcs 
839 and 836 (5 units) and by computing the facilities cost 

833 as the sum of facilities costs associated With arcs 833 

and’ 831 (3 units). Applying equation (3), 6833) 826 is calcu 
lated to be 4 units (as shoWn in box 896 indicating labels 
associated With node 833). Applying equation (5), CRZV) 833) 
826 is computed to be 15 units. 
As additional P nodes are selected and extend the path 

de?ned by nodes 831 and 833, an increasing number of arc 
labels must be retrieved in order to compute associated delay 
distances Di) 1- and facilities costs Ci) j. Alternatively, as 
shoWn in FIG. 8, labels for Di) 1- and Ci) 1- can be stored in 
association With each selected P node so that an additionally 
selected P node need only sum labels associated With its 
interconnecting arc and the P node directly interconnected to 
this arc. For example, to compute delay distance D831) 826 
associated With node 833, delay distances labels need be 
summed only for arc 839 and node 831 (labels for node 831 
are represented in box 894). 

The method described by FIGS. 3A, 3B and 8 enables a 
close-to-optimal, constrained Steiner tree to be selected by 
employing revised penalty function CREV i) j- as de?ned by 
equation This method, hoWever, does not provide for the 
selection of values to be used as toll factors 11 and p in 
equation Selection of values for toll factors 11 and y will 
have a signi?cant effect both on facilities cost Ci) 1, and on 
Whether tree diameter tdS meets end-to-end delay constraint 
T. 

FIG. 9 presents a method for selecting toll factors 11 and 
p based on a region-elimination optimiZation method such as 
the binary search. In step 902, initial values for toll factors 
11 and M are selected, typically based on experience With toll 
factors used previously (for example, in con?guring a simi 
lar multicast conference tree). For netWorks containing as 
many as 80 nodes (of Which as many as 16 may be 
terminating nodes) and 400 arcs, setting 11 equal to 1 and 
operating p over a range of 0 to 1024 has proven to be a 
reasonably successful strategy. 

After selecting an initial range and starting values for toll 
factors 11 and p, a close-to-optimal Steiner tree is selected in 
step 904, for example, according to the method illustrated 
FIGS. 3A, 3B and 8. Tree diameter tdS is evaluated. If tdS is 
equal to the end-to-end delay constraint T (Within acceptable 
limits), the process concludes in step 908 as an acceptable 
tree has been selected. If tdS is greater than end-to-end delay 
constraint T and values for toll factors 11 and p are at a 
boundary that provides maximum emphasis on delta diam 
eter 6i 21-, the process moves at step 914 to expand the toll 
factor range and select neW starting values. The process then 
moves to step 904 to select another minimum cost Steiner 
tree. 

If tdS is greater than end-to-end delay constraint T and 
values for toll factors 11 and p are not yet at a toll factor range 
boundary, the process moves in step 916 to select neW toll 
factor values nearer a toll factor boundary that places more 
emphasis on delta diameter 6,- 21-. For example, if 11 is set equal 
to 1, and p ranges from 0 to 1024 and has a current value of 
512, a neW value of 768 may be selected for p (halfWay 
betWeen the current value and the boundary placing greatest 
emphasis on delta diameter 6U). 

Alternatively, if it is determined in steps 906 and 910 that 
tdS is neither greater than nor equal to end-to-end delay 
factor T, the process moves in step 918 to select neW toll 
factor values nearer a toll factor boundary that places less 
emphasis on delta diameter 6,- 21-. For example, citing the 
previous example Where 1] is set equal to 1, and u may range 
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from 0 to 1024 and has a current value of 512, a neW value 
of 256 may be selected for 11 (halfWay betWeen the current 
value and the boundary placing least emphasis on delta 
diameter 6U). 
As an alternative to toll factors 11 and p, equation (5) may 

be reformulated as: 

0t is a toll factor having a value on the interval [0,1] 
Equation (6) provides the advantage of providing clear 

toll factor boundaries of 0 and 1 Without limiting the extent 
to Which Ci) 1- or 6” may be emphasiZed With respect to each 
other. For example, by selecting 0t equal to either 1 or 0, 
Cm i’ _ respectively places full emphasis on either Ci) 1- or 6”. 

FIG. 10 shoWs cost and delay for a simulated netWork 
example Where CRZV) l-J- sets 11 equal to 1. The simulated 
netWork contains 40 nodes (of Which 8 are terminating 
nodes) and 200 arcs, and p ranges from 0 to 1000. For M 
equal to 0 (equivalent to no delay constraint), a close-to 
optimal constrained Steiner tree is selected having a cost of 
approximately 38 units and a delay of approximately 84 
units. For M equal to 1000, a close-to-optimal constrained 
Steiner tree is selected having a cost of approximately 123 
units and a delay of approximately 19 units. A reasonable 
compromise may be found at 1 equal to 1, Where the delay 
is more than halved to about 37 units While cost is increased 
by only about 45 percent to 55 units. 

The exemplary embodiment described above is but one of 
a number of alternative embodiments of the invention that 
Will be apparent to those skilled in the art in vieW of the 
foregoing description. Accordingly, this description is to be 
construed as illustrative only, and is for the purpose of 
teaching those skilled in the art the best mode of carrying out 
the invention. It is therefore to be understood that changes 
may be made in the particular embodiments of the invention 
Which are Within the scope and spirit of the invention as 
outlined by the appended claims. For example, the method 
of FIG. 3 might alternatively add to step 316 a test to 
determine Whether end-to-end delay exceeds the constraint 
T, and if so, to terminate the process and select a next 11 and 
p according to the method described in FIG. 9. Further, as an 
alternative to termination, the process may be modi?ed to 
determine a next loWest penalty path to the tree and con 
tinue. An additional embodiment of the present invention 
could specify that close-to-optimal Steiner trees be selected 
starting at each terminating node, and that the Steiner tree 
having the loWest penalty among these selected trees be 
chosen as the multicast netWork tree. Other penalty param 
eters that may be incrementally de?ned and summed to 
determine an overall tree penalty (for example, bandWidth 
capacity) may also be alternatively included as part of the 
penalty function C. Penalty parameters that may have a 
transform that can be summed to determine an overall tree 
penalty (for example, jitter) may also be considered. 
Additionally, multiple ones of these penalty parameters may 
be included in a single penalty similar to equation (5) by 
adding these parameters as additional terms of the equation 
together With appropriate toll factors. 
We claim: 
1. Amethod for con?guring a communications netWork to 

route traf?c in a multicast conference call by establishing a 
multicast netWork tree that includes elements selected from 
among a ?rst plurality of netWork nodes for terminating 
multicast conference participants, a second plurality of non 
terminating netWork nodes, and a plurality or arcs that each 
interconnect a pair of nodes selected from among the ?rst 

(6) 
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and second pluralities, wherein an expected delay is known 
for traf?c routed betWeen each node pair interconnected by 
one of the plurality of arcs, and Wherein a delay '5 represents 
the maximum expected delay for traf?c routed betWeen any 
tWo nodes in the tree, the method comprising steps of: 

initializing the tree With one of the ?rst plurality of 
terminating nodes; and 

While one or more of the ?rst plurality of terminating 
nodes has not been added to the tree, 
selecting incrementally one or more potential tree 

nodes and arcs that are associated With one or more 

potential tree paths, Wherein each potential tree node 
is selected from one of the ?rst and second pluralities 
of nodes and each potential tree arc is selected from 
the plurality of arcs, such that the selected node and 
arc add a least additional penalty to the current tree 
over an associated potential tree path; the penalty 
being determined as a function of a delta diameter 6, 
Wherein 6, represents the increase in "c that Would 
result from adding the selected node and arc and any 
other potential tree nodes and potential tree arcs in 
the associated potential tree path to the current tree; 
and 

When a selected potential tree node is a terminating 
node, adding each potential tree node and arc in the 
associated potential tree path to the current tree. 

2. The method of claim 1, Wherein the con?gured tree 
approximated a so-called minimum cost Steiner tree. 

3. The method of claim 1, Wherein potential tree nodes 
and arcs in other than the associated potential tree path of a 
selected terminating node are released after the step of 
adding each potential node and arc in the terminating node 
associated path to the tree. 

4. The method of claim 1, Wherein, in the initialiZing step, 
more than one node is selected from the ?rst and second 
pluralities and one or more of the plurality of arcs that 
interconnect the selected nodes are selected in order to 
initialiZe the tree. 

5. The method of claim 1, Wherein the associated tree 
penalty is de?ned to be 6. 

6. The method of claim 1, Wherein the associated tree 
penalty is de?ned to be 

Wherein c is a facilities cost associated With the selected 
node and arc and 11 and p are toll factors. 

7. The method of claim 6, wherein n is equal to 1. 
8. The method of claim 6, wherein n and p are selected 

using a region elimination search method, the region elimi 
nation search method being operative to select and evaluate 
values of 11 and M such that maximum delay '5 for a multicast 
tree con?gured using an associated penalty function having 
the selected values of 11 and p approaches a tree daily limit 
T. 

9. The method of claim 8, Wherein the region elimination 
search method is a binary search method. 

10. The method of claim 9, wherein, n is set to have a 
value equal to 1 and p is selected to have a value ranging 
from 0 to 1024. 
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11. The method of claim 9, wherein n is set equal to 0t and 

p is set equal to (1-ot), and Wherein 0t is selected to have 
values on the interval 0,1. 

12. The method of claim 1, Wherein 6 is de?ned to be 

Wherein Dl-J- is the expected delay that Would be introduced 
over an added path betWeen potential tree node i and tree 
node j, tdS is maximum expected delay '5 betWeen any tWo 
terminating nodes in the current tree, and ndj- is maximum 
delay betWeen the tree node j and any other terminating node 
in the current tree. 

13. A method for con?guring a telecommunications net 
Work to route traf?c in a multicast conference call by 
establishing a multicast netWork tree that includes elements 
selected from among a ?rst plurality of nodes for terminat 
ing multicast conference participants, a second plurality on 
non-terminating nodes and a plurality or arcs that each 
interconnect node pairs selected from among the ?rst and 
second pluralities, Wherein an expected delay is knoWn for 
traffic routed betWeen each node pair interconnected by one 
of the plurality of arcs, and Wherein a delay '5 represents the 
maximum expected transmission delay for traf?c routed 
betWeen any tWo tree nodes, the method comprising: 

a) selecting an initial tree (T) node from the ?rst plurality 
of terminating nodes; 

b) labeling the selected node both as permanent (P) node 
and as a T node; and 

c) While one or more of the ?rst plurality of terminating 
nodes has not been added to the tree, 

d) determining for each non-P node directly adjacent to a 
P node a delta diameter 6 associated With a potential 
tree path linking the non-P node via the directly adja 
cent P node to the current tree, Wherein the non-P node 
and P node are interconnected by one of the plurality of 
arcs and 6 represents the increase in maximum 
expected transmission delay '5 betWeen any tWo nodes 
in the tree that Would result from adding the non-P node 
to the treed via the potential tree path, 

e) calculating a penalty for each directly adjacent non-P 
node as a function of delta diameter, 

f) selecting a directly adjacent non-P node and intercon 
necting arc having a minimum penalty value among 
directly adjacent non-P nodes, and 

g) if the selected non-P node is a terminating node, 
h) adding to the current tree the selected node and arc and 

any other P nodes and arcs interconnecting the selected 
node and selected arc to the tree, 

i) labeling each of the added nodes as T nodes, 
removing P labels from all P nodes that are not labeled 
as T nodes, and 

k) returning to step c), and 
I) if the selected potential node is not a terminating node, 
m) labeling the selected node a P node, and 
n) returning to step c). 

* * * * * 


